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A. Global management of the Fuel Assemblies 
 
Every data of appendix A is related to global issues on the Fuel Assemblies management. It 
gives more details about NPP (A1), FA already unloaded (A2), data and forecast of unloading 
(A3), filling in of the AFRI (A4), and distances between the NPP (A5). 
Except from the first and last appendices, they are based on the study of the database I 
produced for the Spanish “Consejo de Seguridad Nuclear”. 
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A1. General data on the 10 Spanish NPP 
 
 
Table A1.1 General data on the 10 Spanish NPP 
Anteproyecto de un Almacén Temporal Centralizado de residuos 
radioactivos de alta actividad y de combustible irradiado en España                                                                                    Pág. 5 
Benjamin Bouchout 
Estudiante de Doble Titulación con el INSA de Lyon, Francia 
 





Table A2.1 Unloadings of Zorita NPP 
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Table A2.2 Sum up of the unloadings of Zorita NPP 
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Fig A2.1 Unloadings of Zorita NPP [FA], between 1984 (stop of the reprocessing process in 
UK) and 2005 (last known data) 
Fig A2.2 Evolution of the duration between the unloadings of Zorita (from 1984 to 2006) 
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Fig A2.3 Evolution of the burnup of Zorita’s fuel (from 1984 to 2006) 
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Table A2.3 Unloadings of Garoña NPP [FA] between 1977 (stop of the reprocessing 
process in UK) and 2005 (last known data) 
Fig A2.4 Plot of the table A2.1 
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Fig A2.5 Evolution of the duration between unloadings of Garoña (from 1977 to 2005) 
Fig A2.6 Evolution of the burnup of Garoña’s fuel (from 1977 to 2005) 
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fecha de  descarga
1008 EC en 17 ciclos
Table A2.4 Unloadings of Almaraz1 between 1984 (1st unloading) and 2005 (last known data)
 
Fig A2.7 Plot of Table A3.1 (FA unloaded with respect to the date) 
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Fig A2.8 Evolution of the duration between unloadings of Almaraz1 (from 1984 to 2005) 
Fig A2.9 Evolution of the burnup of Almaraz1’s fuel (from 1984 to 2005) 
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fecha de  descarga
936 EC en 15 ciclos
Table A2.5 Unloadings of Almaraz2 between 1985 (1st unloading) and 2004 (last known data)
 
Fig A2.10 Plot of Table A4.1 (FA unloaded with respect to the date) 
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Fig A2.11 Evolution of the duration between unloadings of Almaraz2 (from 1985 to 2004) 
Fig A2.12 Evolution of the burnup of Almaraz2’s fuel (from 1985 to 2004) 
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5. Trillo 1 







































Table A2.6 Unloadings of Trillo between 1990 (1st unloading) and 2005 (last known data) 
Fig A2.13 Plot of Table A5.1 (FA unloaded with respect to the date) 
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Fig A2.14 Evolution of the duration between unloadings of Trillo (from 1990 to 2005) 








































Fig A2.15 Evolution of the burnup of Trillo’s fuel (from 1990 to 2005) 
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Fig A2.16 Evolution of the enrichment of Trillo’s fuel (from 1990 to 2005) 
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6. Vandellos 2 









































Table A2.7 Unloadings of Trillo between 1990 (1st unloading) and 2005 (last known data) 
Fig A2.17 Plot of Table A6.1 (FA unloaded with respect to the date) 
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Fig A2.18 Evolution of the duration between unloadings of Vandellos2 (from 1989 to 2005) 







































Fig A2.19 Evolution of the burnup of Vandellos2’s fuel (from 1990 to 2005) 
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904 EC en 22 ciclos
Table A2.8 Unloadings of Asco1 between 1986 (1st unloading) and 2004 (last known data) 
 
Fig A2.20 Plot of Table A7.1 (FA unloaded with respect to the date) 
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Fig A2.21 Evolution of the duration between unloadings of Asco1 (from 1986 to 2004) 
Fig A2.22 Evolution of the burnup of Asco1’s fuel (from 1986 to 2004) 
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Fig A2.23 Evolution of the enrichment of Asco1’s fuel (from 1986 to 2004) 
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8. Asco 2 


















































































Table A2.9 Unloadings of Asco2 between 1987 (1st unloading) and 2005 (last known data) 
 
Fig A2.24 Plot of Table A8.1 (FA unloaded with respect to the date) 
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Fig A2.25 Evolution of the duration between unloadings of Asco2 (from 1987 to 2005) 
Fig A2.26 Evolution of the burnup of Asco2’s fuel (from 1987 to 2005) 
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fecha de  descarga
2960 EC en 15 ciclos
Table A2.10 Unloadings of Cofrentes between 1986 (1st unloading) and 2006 (last known 
data) 
Fig A2.27 Plot of Table A9.1 (FA unloaded with respect to the date) 
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Fig A2.28 Evolution of the burnup of Cofrentes’ fuel (from 1986 to 2006) 
Fig A2.29 Evolution of the burnup of Cofrentes’ fuel (from 1986 to 2006) 
Anteproyecto de un Almacén Temporal Centralizado de residuos 
radioactivos de alta actividad y de combustible irradiado en España                                                                                    Pág. 27 
Benjamin Bouchout 
Estudiante de Doble Titulación con el INSA de Lyon, Francia 
 
 




















Fig A2.30 Evolution of the enrichment of Cofrentes’ fuel (from 1986 to 2006) 
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A3. Global data and forecast on the number of FA 
 
  
Table A3.1 Sum up of the data and forecast of the FA unloaded by the 10 NPP 
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NPP date FA nature accu NPP date FA nature accu
Garoña 17/04/1977 1 dato 1 Vandellos2 20/05/1994 46 dato 3475
Garoña 02/05/1978 1 dato 2 Trillo1 21/10/1994 61 dato 3536
Garoña 05/05/1979 66 dato 68 Almaraz1 01/03/1995 65 dato 3601
Garoña 12/02/1980 76 dato 144 Asco2 01/04/1995 57 dato 3658
Garoña 05/08/1981 16 dato 160 Vandellos2 22/06/1995 41 dato 3699
Garoña 28/02/1982 112 dato 272 Asco1 01/07/1995 64 dato 3763
Zorita 06/02/1983 8 dato 280 Almaraz2 27/08/1995 69 dato 3832
Garoña 27/08/1983 116 dato 396 Trillo1 20/10/1995 61 dato 3893
Almaraz1 01/03/1984 40 dato 436 Garoña 26/02/1996 108 dato 4001
Almaraz1 01/01/1985 34 dato 470 Almaraz1 01/06/1996 65 dato 4066
Zorita 07/02/1985 9 dato 479 Vandellos2 18/06/1996 61 dato 4127
Almaraz2 31/03/1985 38 dato 517 Asco1 01/07/1996 74 dato 4201
Garoña 05/07/1985 120 dato 637 Asco2 01/07/1996 65 dato 4266
Almaraz1 01/11/1985 55 dato 692 Trillo1 29/10/1996 49 dato 4315
Almaraz2 04/03/1986 53 dato 745 Zorita 04/02/1997 16 dato 4331
Asco1 01/07/1986 41 dato 786 Garoña 20/03/1997 76 dato 4407
Zorita 17/09/1986 8 dato 794 Almaraz2 07/04/1997 63 dato 4470
Almaraz1 01/11/1986 45 dato 839 Vandellos2 03/09/1997 52 dato 4522
Almaraz2 26/04/1987 56 dato 895 Trillo1 19/10/1997 45 dato 4567
Asco2 01/05/1987 3 dato 898 Almaraz1 01/11/1997 57 dato 4624
Garoña 01/05/1987 116 dato 1014 Asco2 01/03/1998 73 dato 4697
Asco1 01/09/1987 44 dato 1058 Trillo1 09/04/1998 25 dato 4722
Zorita 03/10/1987 13 dato 1071 Zorita 11/06/1998 15 dato 4737
Almaraz1 01/02/1988 53 dato 1124 Asco1 01/09/1998 59 dato 4796
Asco2 01/03/1988 38 dato 1162 Almaraz2 06/11/1998 73 dato 4869
Almaraz2 17/07/1988 81 dato 1243 Garoña 21/01/1999 128 dato 4997
Asco1 01/09/1988 28 dato 1271 Trillo1 12/02/1999 45 dato 5042
Zorita 24/09/1988 13 dato 1284 Vandellos2 23/03/1999 81 dato 5123
Garoña 08/10/1988 104 dato 1388 Almaraz1 01/06/1999 61 dato 5184
Asco2 01/03/1989 45 dato 1433 Zorita 26/06/1999 25 dato 5209
Almaraz1 01/05/1989 81 dato 1514 Asco2 01/09/1999 69 dato 5278
Asco1 01/06/1989 52 dato 1566 Asco1 01/04/2000 61 dato 5339
Vandellos2 28/08/1989 19 dato 1585 Trillo1 08/04/2000 45 dato 5384
Zorita 03/09/1989 17 dato 1602 Almaraz2 19/05/2000 65 dato 5449
Almaraz2 13/11/1989 64 dato 1666 Zorita 02/08/2000 26 dato 5475
Asco2 01/03/1990 53 dato 1719 Vandellos2 18/09/2000 57 dato 5532
Garoña 01/05/1990 128 dato 1847 Almaraz1 01/10/2000 73 dato 5605
Vandellos2 07/05/1990 65 dato 1912 Asco2 01/03/2001 65 dato 5670
Asco1 01/06/1990 71 dato 1983 Garoña 07/03/2001 112 dato 5782
Zorita 18/08/1990 18 dato 2001 Trillo1 05/04/2001 48 dato 5830
Almaraz1 01/09/1990 62 dato 2063 Zorita 03/08/2001 21 dato 5851
Trillo1 01/10/1990 17 dato 2080 Asco1 01/09/2001 73 dato 5924
Asco2 01/03/1991 53 dato 2133 Almaraz2 20/10/2001 65 dato 5989
Almaraz2 28/03/1991 61 dato 2194 Vandellos2 25/03/2002 65 dato 6054
Vandellos2 27/04/1991 46 dato 2240 Almaraz1 01/04/2002 65 dato 6119
Asco1 01/06/1991 29 dato 2269 Trillo1 18/05/2002 45 dato 6164
Zorita 27/08/1991 21 dato 2290 Zorita 29/06/2002 17 dato 6181
Trillo1 29/10/1991 41 dato 2331 Asco2 01/09/2002 61 dato 6242
Asco2 01/02/1992 46 dato 2377 Asco1 01/03/2003 69 dato 6311
Almaraz1 01/03/1992 65 dato 2442 Garoña 06/03/2003 112 dato 6423
Garoña 09/03/1992 131 dato 2573 Almaraz2 28/04/2003 63 dato 6486
Vandellos2 19/04/1992 56 dato 2629 Trillo1 07/06/2003 38 dato 6524
Asco1 01/06/1992 41 dato 2670 Vandellos2 11/09/2003 73 dato 6597
Almaraz2 30/08/1992 61 dato 2731 Almaraz1 18/10/2003 65 dato 6662
Zorita 06/10/1992 23 dato 2754 Zorita 20/11/2003 17 dato 6679
Trillo1 30/10/1992 61 dato 2815 Asco2 01/03/2004 73 dato 6752
Asco2 01/02/1993 68 dato 2883 Trillo1 21/05/2004 41 dato 6793
Vandellos2 26/04/1993 49 dato 2932 Asco1 01/10/2004 65 dato 6858
Asco1 01/06/1993 64 dato 2996 Almaraz2 12/10/2004 65 dato 6923
Almaraz1 01/09/1993 57 dato 3053 Zorita 10/02/2005 21 dato 6944
Trillo1 25/10/1993 65 dato 3118 Garoña 04/03/2005 112 dato 7056
Zorita 15/01/1994 20 dato 3138 Vandellos2 26/03/2005 69 dato 7125
Almaraz2 09/02/1994 59 dato 3197 Almaraz1 13/04/2005 65 dato 7190
Asco2 01/03/1994 50 dato 3247 Trillo1 06/05/2005 49 dato 7239
Garoña 08/03/1994 113 dato 3360 Asco2 01/10/2005 65 dato 7304
Asco1 01/05/1994 69 dato 3429
Table A3.2 Data concerning the FA unloaded by 8 NPP (7304FA). Cofrentes doesn’t appear. 
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NPP date FA nature accu NPP date FA nature accu
Almaraz2 01/04/2006 66 prevista 7370 Vandellos2 01/10/2015 66 prevista 10901
Asco1 01/04/2006 66 prevista 7436 Asco2 01/04/2016 66 prevista 10967
Zorita 30/04/2006 69 prevista 7505 Trillo1 01/05/2016 66 prevista 11033
Trillo1 01/05/2006 66 prevista 7571 Almaraz2 01/10/2016 66 prevista 11099
Almaraz1 01/10/2006 66 prevista 7637 Asco1 01/10/2016 66 prevista 11165
Vandellos2 01/10/2006 66 prevista 7703 Almaraz1 01/04/2017 66 prevista 11231
Garoña 01/03/2007 112 prevista 7815 Vandellos2 01/04/2017 66 prevista 11297
Asco2 01/04/2007 66 prevista 7881 Trillo1 01/05/2017 66 prevista 11363
Trillo1 01/05/2007 66 prevista 7947 Asco2 01/10/2017 66 prevista 11429
Almaraz2 01/10/2007 66 prevista 8013 Almaraz2 01/04/2018 66 prevista 11495
Asco1 01/10/2007 66 prevista 8079 Asco1 01/04/2018 66 prevista 11561
Almaraz1 01/04/2008 66 prevista 8145 Trillo1 01/05/2018 66 prevista 11627
Vandellos2 01/04/2008 66 prevista 8211 Almaraz1 01/10/2018 66 prevista 11693
Trillo1 01/05/2008 66 prevista 8277 Vandellos2 01/10/2018 66 prevista 11759
Asco2 01/10/2008 66 prevista 8343 Asco2 01/04/2019 66 prevista 11825
Garoña 01/03/2009 112 prevista 8455 Trillo1 01/05/2019 66 prevista 11891
Almaraz2 01/04/2009 66 prevista 8521 Almaraz2 01/10/2019 66 prevista 11957
Asco1 01/04/2009 66 prevista 8587 Asco1 01/10/2019 66 prevista 12023
Trillo1 01/05/2009 66 prevista 8653 Almaraz1 01/04/2020 66 prevista 12089
Almaraz1 01/10/2009 66 prevista 8719 Vandellos2 01/04/2020 66 prevista 12155
Vandellos2 01/10/2009 66 prevista 8785 Trillo1 01/05/2020 66 prevista 12221
Asco2 01/04/2010 66 prevista 8851 Asco2 01/10/2020 66 prevista 12287
Trillo1 01/05/2010 66 prevista 8917 Almaraz2 01/04/2021 66 prevista 12353
Almaraz2 01/10/2010 66 prevista 8983 Asco1 01/04/2021 66 prevista 12419
Asco1 01/10/2010 66 prevista 9049 Almaraz1 01/05/2021 157 prevista 12576
Almaraz1 01/04/2011 66 prevista 9115 Trillo1 01/05/2021 66 prevista 12642
Vandellos2 01/04/2011 66 prevista 9181 Vandellos2 01/10/2021 66 prevista 12708
Garoña 01/05/2011 400 prevista 9581 Asco2 01/04/2022 66 prevista 12774
Trillo1 01/05/2011 66 prevista 9647 Trillo1 01/05/2022 66 prevista 12840
Asco2 01/10/2011 66 prevista 9713 Almaraz2 01/10/2022 66 prevista 12906
Almaraz2 01/04/2012 66 prevista 9779 Asco1 01/10/2022 66 prevista 12972
Asco1 01/04/2012 66 prevista 9845 Vandellos2 01/04/2023 66 prevista 13038
Trillo1 01/05/2012 66 prevista 9911 Trillo1 01/05/2023 66 prevista 13104
Almaraz1 01/10/2012 66 prevista 9977 Almaraz2 01/10/2023 157 prevista 13261
Vandellos2 01/10/2012 66 prevista 10043 Asco2 01/10/2023 66 prevista 13327
Asco2 01/04/2013 66 prevista 10109 Asco1 01/04/2024 66 prevista 13393
Trillo1 01/05/2013 66 prevista 10175 Trillo1 01/05/2024 66 prevista 13459
Almaraz2 01/10/2013 66 prevista 10241 Vandellos2 01/10/2024 66 prevista 13525
Asco1 01/10/2013 66 prevista 10307 Asco1 01/12/2024 157 prevista 13682
Almaraz1 01/04/2014 66 prevista 10373 Asco2 01/04/2025 66 prevista 13748
Vandellos2 01/04/2014 66 prevista 10439 Trillo1 01/05/2025 66 prevista 13814
Trillo1 01/05/2014 66 prevista 10505 Asco2 01/03/2026 157 prevista 13971
Asco2 01/10/2014 66 prevista 10571 Vandellos2 01/04/2026 66 prevista 14037
Almaraz2 01/04/2015 66 prevista 10637 Trillo1 01/05/2026 66 prevista 14103
Asco1 01/04/2015 66 prevista 10703 Trillo1 01/05/2027 66 prevista 14169
Trillo1 01/05/2015 66 prevista 10769 Vandellos2 01/03/2028 157 prevista 14326
Almaraz1 01/10/2015 66 prevista 10835 Trillo1 01/08/2028 177 prevista 14503
Table A3.3 Forecast of the FA to be unloaded by this 8 NPP (7199FA). 
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A4. Filling in of the AFRI 
The filling in is supposed to be done by transports of 200 PWR FA or 400 BWR FA. It could 
be a train or 10 trucks. The maximum frequency is a transport every 15 days. 
Only FA unloaded more than 5 years ago can be sent to the AFRI. 
To simplify the filling in, at each NPP has been assigned a 
month to send FA: 
Cofrentes hasn’t been considered in the planning.  
April hasn’t been assigned as it matches with a month of 













Table A4.1 Months of transport 
NPP Transport's date FA FA  accu. by NPP Transport # by NPP
Zorita 01/01/2012 189 189
Zorita 15/01/2012 188 377 2
Garoña 01/02/2011 400 400
Garoña 15/02/2011 400 800
Garoña 01/02/2012 400 1200
Garoña 15/02/2012 400 1600
Garoña 01/02/2015 372 1972
Garoña 15/02/2017 400 2372 6
Almaraz1 01/03/2011 200 200
Almaraz1 15/03/2011 200 400
Almaraz1 01/03/2012 200 600
Almaraz1 15/03/2012 200 800
Almaraz1 01/03/2015 200 1000
Almaraz1 15/03/2015 200 1200
Almaraz1 01/03/2020 200 1400
Almaraz1 01/03/2024 200 1600
Almaraz1 01/03/2027 113 1713
Almaraz1 15/03/2027 112 1825 10
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N P P T ra n s p o rt's  d a te F A F A  a c c u . b y  N P P T ra n s p o rt #  b y  N P P
A lm a ra z2 0 1 /0 5 /2 0 1 1 2 0 0 2 0 0
A lm a ra z2 1 5 /0 5 /2 0 1 1 2 0 0 4 0 0
A lm a ra z2 0 1 /0 5 /2 0 1 2 2 0 0 6 0 0
A lm a ra z2 1 5 /0 5 /2 0 1 2 2 0 0 8 0 0
A lm a ra z2 0 1 /0 5 /2 0 1 3 2 0 0 1 0 0 0
A lm a ra z2 0 1 /0 5 /2 0 1 6 2 0 0 1 2 0 0
A lm a ra z2 0 1 /0 5 /2 0 2 0 1 9 8 1 3 9 8
A lm a ra z2 0 1 /0 5 /2 0 2 5 1 9 8 1 5 9 6
A lm a ra z2 0 1 /0 5 /2 0 2 9 1 4 5 1 7 4 1
A lm a ra z2 1 5 /0 5 /2 0 2 9 1 4 4 1 8 8 5 1 0
A sco 1 0 1 /06 /2 011 2 0 0 2 0 0
A sco 1 1 5 /06 /2 011 2 0 0 4 0 0
A sco 1 0 1 /06 /2 012 2 0 0 6 0 0
A sco 1 1 5 /06 /2 012 2 0 0 8 0 0
A sco 1 0 1 /06 /2 016 1 8 4 9 8 4
A sco 1 1 5 /06 /2 016 1 8 4 1 1 6 8
A sco 1 0 1 /06 /2 020 1 9 8 1 3 6 6
A sco 1 0 1 /06 /2 025 1 9 8 1 5 6 4
A sco 1 0 1 /06 /2 030 1 7 8 1 7 4 2
A sco 1 1 5 /06 /2 030 1 7 7 1 9 1 9 1 0
A sco 2 0 1 /07 /2 011 2 0 0 2 0 0
A sco 2 1 5 /07 /2 011 2 0 0 4 0 0
A sco 2 0 1 /07 /2 012 2 0 0 6 0 0
A sco 2 1 5 /07 /2 012 2 0 0 8 0 0
A sco 2 0 1 /07 /2 018 2 0 0 1 0 0 0
A sco 2 1 5 /07 /2 018 2 0 0 1 2 0 0
A sco 2 0 1 /07 /2 023 2 0 0 1 4 0 0
A sco 2 0 1 /07 /2 027 2 0 0 1 6 0 0
A sco 2 0 1 /07 /2 031 1 5 0 1 7 5 0
A sco 2 1 5 /07 /2 031 1 4 9 1 8 9 9 1 0
V and e llo s2 01 /08 /2 011 2 0 0 2 0 0
V and e llo s2 15 /08 /2 011 2 0 0 4 0 0
V and e llo s2 01 /08 /2 012 2 0 0 6 0 0
V and e llo s2 15 /08 /2 012 2 0 0 8 0 0
V and e llo s2 01 /08 /2 016 2 0 0 1 0 0 0
V and e llo s2 01 /08 /2 021 2 0 0 1 2 0 0
V and e llo s2 01 /08 /2 025 2 0 0 1 4 0 0
V and e llo s2 01 /08 /2 030 2 0 0 1 6 0 0
V and e llo s2 01 /08 /2 033 1 3 1 1 7 3 1
V and e llo s2 15 /08 /2 033 1 3 0 1 8 6 1 1 0
T rillo 1 0 1 /0 9 /2 0 1 1 2 0 0 2 0 0
T rillo 1 1 5 /0 9 /2 0 1 1 2 0 0 4 0 0
T rillo 1 0 1 /0 9 /2 0 1 2 2 0 0 6 0 0
T rillo 1 1 5 /0 9 /2 0 1 2 2 0 0 8 0 0
T rillo 1 0 1 /0 9 /2 0 1 4 2 0 0 1 0 0 0
T rillo 1 0 1 /0 9 /2 0 1 7 1 9 8 1 1 9 8
T rillo 1 0 1 /0 9 /2 0 2 0 1 9 8 1 3 9 6
T rillo 1 0 1 /0 9 /2 0 2 3 1 9 8 1 5 9 4
T rillo 1 0 1 /0 9 /2 0 2 6 1 9 8 1 7 9 2
T rillo 1 0 1 /0 9 /2 0 2 9 1 9 8 1 9 9 0
T rillo 1 0 1 /0 9 /2 0 3 3 1 8 8 2 1 7 8
T rillo 1 1 5 /0 9 /2 0 3 3 1 8 7 2 3 6 5 1 2
1 4 5 0 3 7 0
F A tran spo rts
Table A4.2 Dates of the 70 transports 
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A5. Balance of the distance between NPP 
 
Table A5.1 How the distances between the NPP have been balances (sources: 
Viamichelin and CSN) 
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After receiving the data of Cofrentes, I did the same to see if putting a new amount of FA 
(3000) in Cofrentes would have changed the ranking 1. 
 
We can see that Cofrentes would have 
catched up with Zorita. But it would not change 
anything, as Cofrentes is not among the 
proposed cases. 
The final forecast of 3400 FA would not have 
changed it more. 
 
 
 1 if  3000 FA for Cofrentes
 Ranking by dist. Balanced 
1 Trillo 5,09 100% 
2 Asco 5,37 106% 
3 Cofrentes 5,49 108% 
4 Zorita 5,54 109% 
5 Vandellos 6,00 118% 
6 Almaraz 7,18 141% 
7 Garoña 7,56 149% 
Table A5.2 Ranking if Cofrentes have been 
balanced with 3000 FA 
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A6. Maps of the 3 proposed sites 
1. Vandellos 
 
Fig A6.1 Map of Vandellos. The space between Vandellos 1 & 2 is clear 
 (extracted from Mapa Topográfico Nacional de España 498-I) 
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Fig A6.2 Map of Trillo, near the Tajo river 
 (extracted from Mapa Topográfico Nacional de España 512-IV) 
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Fig A6.3 Map of Zorita, near the Tajo river 
 (extracted from Mapa Topográfico Nacional de España 561-IV) 
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B. Nuclear studies 
 
B1. Origen 
1. Output of simulated irradiation of a FA from Vandellos 2 
Origen gives the data for all the 461 PF and 101 TU. Here is not the entire output, but only 
extracts of tables of mines, done from the complete data. Cf. the Excel file for details. 
all radioactive alpha gamma
HE  4 STABLE   STABLE  STABLE
TL207 TL207   STABLE TL207
TL208 TL208   STABLE TL208 all radioactive alpha gamma
TL209 TL209   STABLE TL209 U232 U232 U232  STABLE
PB206 STABLE   STABLE   STABLE U233 U233 U233 U233
PB207 STABLE   STABLE   STABLE U234 U234 U234   STABLE
PB208 STABLE   STABLE   STABLE U235 U235   STABLE   STABLE
PB209 PB209   STABLE   STABLE U236 U236 U236   STABLE
PB210 PB210   STABLE   STABLE U237 U237   STABLE U237
PB211 PB211   STABLE PB211 U238 U238   STABLE   STABLE
PB212 PB212   STABLE PB212 U239 U239   STABLE   STABLE
PB214 PB214   STABLE PB214 U240 U240   STABLE U240
BI209 STABLE   STABLE   STABLE NP236 NP236   STABLE   STABLE
BI210 BI210   STABLE   STABLE NP237 NP237 NP237   STABLE
BI211 BI211 BI211   STABLE NP238 NP238   STABLE NP238
BI212 BI212 BI212 BI212 NP239 NP239   STABLE NP239
BI213 BI213 BI213 BI213 NP240M NP240M   STABLE NP240M
BI214 BI214   STABLE BI214 NP240 NP240   STABLE   STABLE
PO210 PO210 PO210   STABLE PU236 PU236 PU236   STABLE
PO211 PO211 PO211 PO211 PU238 PU238 PU238   STABLE
PO212 PO212 PO212   STABLE PU239 PU239 PU239   STABLE
PO213 PO213 PO213   STABLE PU240 PU240 PU240   STABLE
PO214 PO214 PO214   STABLE PU241 PU241 PU241   STABLE
PO215 PO215 PO215   STABLE PU242 PU242 PU242   STABLE
PO216 PO216 PO216   STABLE PU243 PU243   STABLE PU243
PO218 PO218 PO218  STABLE PU244 PU244 PU244  STABLE
AT217 AT217 AT217  STABLE PU245 PU245   STABLE  STABLE
RN219 RN219 RN219   STABLE AM241 AM241 AM241   STABLE
RN220 RN220 RN220   STABLE AM242M AM242M   STABLE   STABLE
RN222 RN222 RN222  STABLE AM242 AM242   STABLE  STABLE
FR221 FR221 FR221   STABLE AM243 AM243 AM243 AM243
FR223 FR223   STABLE FR223 AM244 AM244   STABLE AM244
RA223 RA223 RA223 RA223 AM245 AM245   STABLE   STABLE
RA224 RA224 RA224   STABLE CM242 CM242 CM242   STABLE
RA225 RA225   STABLE   STABLE CM243 CM243 CM243 CM243
RA226 RA226 RA226   STABLE CM244 CM244 CM244   STABLE
RA228 RA228   STABLE  STABLE CM245 CM245 CM245 CM245
AC225 AC225 AC225   STABLE CM246 CM246 CM246 CM246
AC227 AC227 AC227   STABLE CM247 CM247 CM247   STABLE
AC228 AC228   STABLE  STABLE CM248 CM248 CM248 CM248
TH227 TH227 TH227 TH227 CM249 CM249   STABLE   STABLE
TH228 TH228 TH228   STABLE CM250 CM250   STABLE   STABLE
TH229 TH229 TH229   STABLE BK249 BK249 BK249 BK249
TH230 TH230 TH230   STABLE BK250 BK250   STABLE BK250
TH231 TH231   STABLE   STABLE CF249 CF249 CF249 CF249
TH232 TH232   STABLE   STABLE CF250 CF250 CF250 CF250
TH233 TH233   STABLE TH233 CF251 CF251 CF251 CF251
TH234 TH234   STABLE   STABLE CF252 CF252 CF252   STABLE
PA231 PA231 PA231   STABLE CF253 CF253 CF253   STABLE
PA232 PA232   STABLE PA232 CF254 CF254 CF254  STABLE
PA233 PA233   STABLE PA233 ES253 ES253 ES253  STABLE
PA234M PA234M   STABLE PA234M 101 96 55 36
PA234 PA234   STABLE PA234 (20 elements) (19 elements) (17 elements) (15 elements)
TRANSURANIUM ISOTOPES
 
Table B1.1 Transuraniums (TU) and their radioactivity 
 
Pág. 40  Appendix 
 Bouchout 2006 
H  3 BR 86 MO 96 CD108 CD119 I129 I139 ND151
ZN 72 KR 86 Y 97 RH109 IN119M XE129M XE139 PM151
GA 72 RB 86M ZR 97 PD109M IN119 XE129 CS139 SM151
GE 72 RB 86 NB 97M PD109 SN119M SN130 BA139 EU151
GA 73 SR 86 NB 97 AG109M SN119 SB130M LA139 PM152
GE 73 BR 87 MO 97 AG109 CD120 SB130 XE140 SM152
GA 74 KR 87 ZR 98 CD109 IN120M TE130 CS140 EU152M
GE 74 RB 87 NB 98M RH110 IN120 I130M BA140 EU152
GA 75 SR 87M NB 98 PD110 SN120 I130 LA140 GD152
GE 75M SR 87 MO 98 AG110M CD121 XE130 CE140 PM153
GE 75 BR 88 NB 99 AG110 IN121M SN131 XE141 SM153
AS 75 KR 88 MO 99 CD110 IN121 SB131 CS141 EU153
GA 76 RB 88 TC 99M PD111M SN121M TE131M BA141 GD153
GE 76 SR 88 TC 99 PD111 SN121 TE131 LA141 PM154
AS 76 BR 89 RU 99 AG111M SB121 I131 CE141 SM154
SE 76 KR 89 NB100 AG111 IN122 XE131M PR141 EU154
GE 77M RB 89 MO100 CD111M SN122 XE131 XE142 GD154
GE 77 SR 89 TC100 CD111 SB122M SN132 CS142 SM155
AS 77 Y 89 RU100 PD112 SB122 SB132M BA142 EU155
SE 77M KR 90 NB101 AG112 TE122 SB132 LA142 GD155
SE 77 RB 90 MO101 CD112 IN123M TE132 CE142 SM156
GE 78 SR 90 TC101 PD113 IN123 I132 PR142 EU156
AS 78M Y 90M RU101 AG113M SN123M XE132 ND142 GD156
AS 78 Y 90 MO102 AG113 SN123 SB133 XE143 SM157
SE 78 ZR 90 TC102M CD113M SB123 TE133M CS143 EU157
AS 79 KR 91 TC102 CD113 TE123M TE133 BA143 GD157
SE 79M RB 91 RU102 IN113 TE123 I133 LA143 EU158
SE 79 SR 91 MO103 PD114 IN124 XE133M CE143 GD158
BR 79 Y 91M TC103 AG114 SN124 XE133 PR143 EU159
AS 80 Y 91 RU103 CD114 SB124M CS133 ND143 GD159
SE 80 ZR 91 RH103M IN114M SB124 SB134 LA144 TB159
BR 80M KR 92 RH103 IN114 TE124 TE134 CE144 EU160
BR 80 RB 92 MO104 SN114 SN125M I134 PR144 GD160
KR 80 SR 92 TC104 PD115 SN125 XE134 ND144 TB160
AS 81 Y 92 RU104 AG115M SB125 CS134M CE145 DY160
SE 81M ZR 92 RH104M AG115 TE125M CS134 PR145 GD161
SE 81 KR 93 RH104 CD115M TE125 BA134 ND145 TB161
BR 81 RB 93 PD104 CD115 SN126 TE135 CE146 DY161
KR 81M SR 93 MO105 IN115M SB126M I135 PR146 GD162
KR 81 Y 93 TC105 IN115 SB126 XE135M ND146 TB162M
SE 82 ZR 93 RU105 SN115 TE126 XE135 CE147 TB162
BR 82M NB 93M RH105M AG116 SN127M CS135M PR147 DY162
BR 82 NB 93 RH105 CD116 SN127 CS135 ND147 TB163M
KR 82 KR 94 PD105 IN116M SB127 BA135M PM147 TB163
SE 83M RB 94 TC106 IN116 TE127M BA135 SM147 DY163
SE 83 SR 94 RU106 SN116 TE127 I136 CE148 TB164
BR 83 Y 94 RH106M AG117 I127 XE136 PR148 DY164
KR 83M ZR 94 RH106 CD117M SN128 CS136 ND148 DY165M
KR 83 RB 95 PD106 CD117 SB128M BA136 PM148M DY165
SE 84 SR 95 RU107 IN117M SB128 I137 PM148 H0165
BR 84M Y 95 RH107 IN117 TE128 XE137 SM148 DY166
BR 84 ZR 95 PD107M SN117M I128 CS137 PR149 H0166M
KR 84 NB 95M PD107 SN117 XE128 BA137M ND149 H0166
SE 85 NB 95 AG107 CD118 SN129M BA137 PM149 ER166
BR 85 MO 95 RU108 IN118M SN129 I138 SM149 ER167
KR 85M Y 96 RH108 IN118 SB129 XE138 ND150
KR 85 ZR 96 PD108 SN118 TE129M CS138 PM150
RB 85 NB 96 AG108 CD119M TE129 BA138 SM150
PRODUCTS OF FISSION
 
Table B1.2 List of the 461 products of fissions (PF) 
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Table B1.3 Radioactivity’s evolution for the PF and TU (by elements) 
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Table B1.4 Mass’ evolution for the PF and TU (by elements) 
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Table B1.5 Global radioactivity and thermal power decays of the TU and PF (for a FA of 
1tU) 
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CHARGE 0 1 1,4 2 2,8 4 5 7 10 15
CS137 (volatil) 0 1,62E+05 1,58E+05 1,57E+05 1,55E+05 1,52E+05 1,48E+05 1,44E+05 1,38E+05 1,29E+05 1,15E+05
BA137M 0 1,52E+05 1,48E+05 1,47E+05 1,45E+05 1,42E+05 1,38E+05 1,35E+05 1,29E+05 1,20E+05 1,07E+05
PU241 0 1,33E+05 1,27E+05 1,25E+05 1,21E+05 1,17E+05 1,10E+05 1,05E+05 9,56E+04 8,29E+04 6,54E+04
Y 90 0 1,21E+05 1,12E+05 1,10E+05 1,09E+05 1,07E+05 1,04E+05 1,01E+05 9,62E+04 8,94E+04 7,90E+04
SR 90 (tox) 0 1,14E+05 1,12E+05 1,10E+05 1,09E+05 1,07E+05 1,04E+05 1,01E+05 9,62E+04 8,94E+04 7,90E+04
PU238 0 6,48E+03 6,67E+03 6,67E+03 6,66E+03 6,63E+03 6,57E+03 6,52E+03 6,42E+03 6,27E+03 6,03E+03
AM241 0 9,55E+01 3,03E+02 3,84E+02 5,01E+02 6,53E+02 8,69E+02 1,04E+03 1,36E+03 1,78E+03 2,35E+03
suma 0,00E+00 6,89E+05 6,64E+05 6,56E+05 6,46E+05 6,32E+05 6,11E+05 5,94E+05 5,63E+05 5,19E+05 4,54E+05
% de la actividad total 0,00% 0,30% 19,90% 25,24% 33,64% 45,00% 60,72% 70,58% 82,76% 90,42% 94,46%  
20 25 30 40 50 60 70 80 90 100 110
CS137 (volatil) 1,02E+05 9,09E+04 8,10E+04 6,43E+04 5,11E+04 4,05E+04 3,22E+04 2,55E+04 2,03E+04 1,61E+04 1,28E+04
BA137M 9,54E+04 8,50E+04 7,58E+04 6,01E+04 4,77E+04 3,79E+04 3,01E+04 2,39E+04 1,90E+04 1,50E+04 1,19E+04
PU241 5,16E+04 4,07E+04 3,21E+04 2,00E+04 1,24E+04 7,74E+03 4,81E+03 3,00E+03 1,86E+03 1,16E+03 7,23E+02
Y 90 6,99E+04 6,18E+04 5,46E+04 4,27E+04 3,33E+04 2,61E+04 2,04E+04 1,59E+04 1,24E+04 9,72E+03 7,60E+03
SR 90 (tox) 6,98E+04 6,17E+04 5,46E+04 4,27E+04 3,33E+04 2,60E+04 2,04E+04 1,59E+04 1,24E+04 9,72E+03 7,59E+03
PU238 5,80E+03 5,58E+03 5,37E+03 4,97E+03 4,60E+03 4,25E+03 3,94E+03 3,64E+03 3,37E+03 3,12E+03 2,88E+03
AM241 2,80E+03 3,14E+03 3,40E+03 3,76E+03 3,95E+03 4,04E+03 4,08E+03 4,07E+03 4,05E+03 4,00E+03 3,96E+03
suma 3,97E+05 3,49E+05 3,07E+05 2,39E+05 1,86E+05 1,47E+05 1,16E+05 9,19E+04 7,34E+04 5,88E+04 4,75E+04
% de la actividad total 95,55% 96,04% 96,50% 96,65% 96,86% 97,04% 97,01% 96,85% 96,68% 96,28% 95,86%  
 
 
Even if the PF clearly dominate the radioactivity’s production during this first century of 
simulation, it will not continue. The TU, with their spontaneous fissions will become the main 




BASES =   UNA TONELADA URANIO
CHARGE 0 1 1,4 2 2,8 4 5 7 10 15
HE  4 0 5,39E-01 9,05E-01 9,87E-01 1,09E+00 1,20E+00 1,36E+00 1,49E+00 1,75E+00 2,12E+00 2,71E+00  
NUCLIDE CONCENTRATION, GRAMS
BASES =   UNA TONELADA URANIO
20 25 30 40 50 60 70 80 90 100 110
HE  4 3,28E+00 3,81E+00 4,32E+00 5,27E+00 6,15E+00 6,97E+00 7,74E+00 8,47E+00 9,15E+00 9,81E+00 1,04E+01  
 
Thanks to table B1.1.7, we can confirm that pressure of He will not a problem on the short run 
for the cladding’s integrity. This is an issue concerning the disposal, and not the storage. 
Table B1.6 Some isotopes that will dominate in the long run, as far as radioactivity is 
concerned (the colourful ones are the ones evoked in the memoria). 
Table B1.7 Evolution of the He’s mass. 
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Table B1.8 Periodic table highlighting the studied elements (PF in purple, TU in yellow) 
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2. Calculation of the free volume of a FA of Vandellos2 
The free space in 1FA is where the fission gases 
(Kr, Xe…), and the alphas particles (He) will be 
accumulated. The following data come from: 
NUCLEAR ENGINEERING INTERNATIONAL, 





D cladding ext = 9,1mm 
D fuel = 8,19mm 
2e = 0,57mm 
Pin’s height = 3660mm 













Fig B1.1 Zoom on a pin 
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Decay of the emission of neutrons
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B2. Shielding of the silos 
 
The bibliographic references are to be found in the memoria. 
1. Shielding from the neutrons emissions 
Thermal neutrons will here be neglected, as their flux will be much lower. Besides, they 
produce a lower dose rate by unit of flux (flux-to-rate dose factor lower). 
We know the emission of neutrons in a PWR FA of 447 kgU, with a burnup of 30GWd/tU, 1 
and 10 years since unloading. By logarithmic interpolation of those data, we compute the 
emission rate after 5 years of cooling. 
 
 




Fig B2.1 Decay of the neutron’s emission 
Table B2.1 Computing the value at 5 years 
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Supposing that emission rate is lineal with the burnup, and if we scale the value with respect 
to the volume, we find that the volumetric emission [n.s-1.cm-3] with a burnup of 50 GWd/tU is 
SV=1,43E+04. 
To be able to use the attenuation law (Eq. B2.1), we have to work with the neutron emission 
flux Φ0. 
As we are in a sub critical state (there are less neutrons in the next generation than in the 





For uranium oxide (UO2), the transport section Σtransport=0,110cm-1, so 
Φ0=1,30E+06 n.cm-2.s-1. 




−= .01  























Thanks to the flux-to-rate dose factor (R0=3,5E-9 mSv.cm2), we can have the rate dose in 
function of the concrete thickness. We now have to compute the contribution of the gamma 
rays, and the sum will give us the needed thickness to be below 10-5 mSv/h. 
SV Volumetric emission [n.s-1.cm-3] 
Σtransport Transport section of the UO2 [cm] 
Φ0 Flux of neutrons in the vault [n.cm2.s-1] 
Φ1 Flux of neutrons in the warehouse [n.cm2.s-1] 
x Concrete thickness [cm] 
λ Relaxation length of the material [cm-1] 
Fig B2.2 Dose rate due to the neutrons 
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2. Shielding from the gamma rays (photons) 
 












We then use a formula found in the literature: 



















The build up factor (B) is here to consider Compton’s effect (>>1). 
Once we have the flux, we apply the correct flux-to-rate dose factor, and we obtain the rate 
dose for each energy of photon. The total rate dose is the sum of the all bunch of them. 
Table B2.2 Energy of photons emitted by 1tU burn in similar conditions as in Vandellos2 
0-1 1-2 2-3 3-4 4-5 >5
5 years after unloading 1,64E+17 6,63E+12 6,26E+12 2,68E+10 4,37E+08 0
20 years after unloading 1,15E+17 4,62E+11 3,12E+11 2,38E+10 3,89E+08 0
Amount of photons/s
Photons energy [MeV]
In a spent fuel of 1tU, burnup of 50GWd/tU, at Pspe=40kW/kgU (Vandellos 2 conditions)
0-1 1-2 2-3 3-4 4-5
4,19E+11 1,69E+07 1,60E+07 6,84E+04 1,11E+03
0,185 0,0538 0,0453 0,0435 0,0438
0,0871 0,0518 0,0402 0,0334 0,0294






Table B2.3 Volumetric emission of gamma SV 
Table B2.4 Attenuation lineal factor (µ) for the concrete and for the source (vault) 
SV Volumetric emission [gamma.s-1.cm-3] 
B Build up factor [1] 
E2 Exponential integral function of the second order 
µs Lineal attenuation factor of the source [cm-1] 
µ Lineal attenuation factor of the shielding [cm-1] 
T Thickness of the shielding [cm] 
h Height of the source [cm]
0-1 1-2 2-3 3-4 4-5
1,734 0,536 0,447 0,418 0,421
0,9537 0,2948 0,24585 0,2299 0,2315
0,0871 0,0518 0,0405 0,0342 0,0304
0,209 0,124 0,097 0,082 0,073mu concrete [cm-1]
Photons energy [MeV]
mu UO2 [cm-1]
mu  vault [cm-1]
mu/ro concrete
Pág. 50  Appendix 





































Table B2.5 Calculation of the total rate dose  
200 0-1 1-2 2-3 3-4 4-5 >5
41,808 24,864 19,44 16,416 14,592
423,288 142,784 117,78 108,376 107,192
1,60E-20 5,72E-13 1,59E-10 4,31E-09 2,77E-08
0 0 4,20E-32 1,85E-29 5,66E-29
3,52E-09 1,64E-05 5,16E-03 6,42E-04 6,67E-05 B 3,00E+04
1,06E-04 0,49 154,92 19,26 2,00
3,10E-11 7,40E-11 1,00E-10 1,30E-10 1,50E-10
1,18E-11 1,31E-07 5,58E-05 9,01E-06 1,08E-06
Total rate dose [mSv/h] #
100 0-1 1-2 2-3 3-4 4-5 >5
20,904 12,432 9,72 8,208 7,296
402,384 130,352 108,06 100,168 99,896
3,67E-09 2,89E-07 5,14E-06 2,74E-05 7,41E-05
0 0 0 0 0
8,07E+02 8,29E+00 1,67E+02 4,08E+00 1,78E-01 B 6,00E+02
4,84E+05 4,97E+03 1,00E+05 2,45E+03 1,07E+02
3,10E-11 7,40E-11 1,00E-10 1,30E-10 1,50E-10
5,40E-02 1,32E-03 3,61E-02 1,15E-03 5,78E-05

















b1 = mu * T CONCRETE


























b1 = mu * T CONCRETE





flux-to-rate dose factor Rd 
Fig B2.3 Dose rate due to the gamma 
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We can see on the table B2.6 that a thickness of 132cm will be enough. By the way, we can 
noticed that the photons’ contribution dominate clearly. A shielding thick enough for stopping 
the gamma will be enough to stop the neutrons. 
 
Table B2.6 Sum of both contributions 
f ro m  n e u tro n e s f ro m  p h o to n s T O T A L
1 0 0 3 ,9 6 E -0 4 9 ,2 3 E -0 2 9 ,2 7 E -0 2
1 0 2 3 ,3 5 E -0 4 7 ,9 8 E -0 2 8 ,0 2 E -0 2
1 0 4 2 ,8 4 E -0 4 6 ,9 1 E -0 2 6 ,9 4 E -0 2
1 0 6 2 ,4 0 E -0 4 5 ,9 7 E -0 2 6 ,0 0 E -0 2
1 0 8 2 ,0 3 E -0 4 5 ,1 7 E -0 2 5 ,1 9 E -0 2
1 1 0 1 ,7 2 E -0 4 4 ,4 7 E -0 2 4 ,4 9 E -0 2
1 1 2 1 ,4 6 E -0 4 3 ,8 7 E -0 2 3 ,8 8 E -0 2
1 1 4 1 ,2 3 E -0 4 3 ,3 5 E -0 2 3 ,3 6 E -0 2
1 1 6 1 ,0 4 E -0 4 2 ,8 9 E -0 2 2 ,9 0 E -0 2
1 1 8 8 ,8 4 E -0 5 2 ,5 0 E -0 2 2 ,5 1 E -0 2
1 2 0 7 ,4 8 E -0 5 2 ,1 7 E -0 2 2 ,1 7 E -0 2
1 2 2 6 ,3 4 E -0 5 1 ,8 7 E -0 2 1 ,8 8 E -0 2
1 2 4 5 ,3 6 E -0 5 1 ,6 2 E -0 2 1 ,6 3 E -0 2
1 2 6 4 ,5 4 E -0 5 1 ,4 0 E -0 2 1 ,4 1 E -0 2
1 2 8 3 ,8 4 E -0 5 1 ,2 1 E -0 2 1 ,2 2 E -0 2
1 3 0 3 ,2 5 E -0 5 1 ,0 5 E -0 2 1 ,0 5 E -0 2
1 3 2 2 ,7 5 E -0 5 9 ,0 7 E -0 3 9 ,1 0 E -0 3
1 3 4 2 ,3 3 E -0 5 7 ,8 5 E -0 3 7 ,8 7 E -0 3
1 3 6 1 ,9 7 E -0 5 6 ,7 9 E -0 3 6 ,8 1 E -0 3
1 3 8 1 ,6 7 E -0 5 5 ,8 7 E -0 3 5 ,8 9 E -0 3
1 4 0 1 ,4 1 E -0 5 5 ,0 8 E -0 3 5 ,0 9 E -0 3
1 4 2 1 ,2 0 E -0 5 4 ,3 9 E -0 3 4 ,4 1 E -0 3
1 4 4 1 ,0 1 E -0 5 3 ,8 0 E -0 3 3 ,8 1 E -0 3
1 4 6 8 ,5 8 E -0 6 3 ,2 9 E -0 3 3 ,3 0 E -0 3
1 4 8 7 ,2 6 E -0 6 2 ,8 4 E -0 3 2 ,8 5 E -0 3
1 5 0 6 ,1 5 E -0 6 2 ,4 6 E -0 3 2 ,4 7 E -0 3
1 5 2 5 ,2 1 E -0 6 2 ,1 3 E -0 3 2 ,1 3 E -0 3
1 5 4 4 ,4 1 E -0 6 1 ,8 4 E -0 3 1 ,8 5 E -0 3
1 5 6 3 ,7 3 E -0 6 1 ,5 9 E -0 3 1 ,6 0 E -0 3
1 5 8 3 ,1 6 E -0 6 1 ,3 8 E -0 3 1 ,3 8 E -0 3
1 6 0 2 ,6 7 E -0 6 1 ,1 9 E -0 3 1 ,1 9 E -0 3
1 6 2 2 ,2 6 E -0 6 1 ,0 3 E -0 3 1 ,0 3 E -0 3
1 6 4 1 ,9 2 E -0 6 8 ,9 1 E -0 4 8 ,9 3 E -0 4
1 6 6 1 ,6 2 E -0 6 7 ,7 1 E -0 4 7 ,7 3 E -0 4
1 6 8 1 ,3 7 E -0 6 6 ,6 7 E -0 4 6 ,6 8 E -0 4
1 7 0 1 ,1 6 E -0 6 5 ,7 7 E -0 4 5 ,7 8 E -0 4
1 7 2 9 ,8 4 E -0 7 4 ,9 9 E -0 4 5 ,0 0 E -0 4
1 7 4 8 ,3 3 E -0 7 4 ,3 2 E -0 4 4 ,3 3 E -0 4
1 7 6 7 ,0 5 E -0 7 3 ,7 3 E -0 4 3 ,7 4 E -0 4
1 7 8 5 ,9 7 E -0 7 3 ,2 3 E -0 4 3 ,2 4 E -0 4
1 8 0 5 ,0 5 E -0 7 2 ,7 9 E -0 4 2 ,8 0 E -0 4
1 8 2 4 ,2 8 E -0 7 2 ,4 2 E -0 4 2 ,4 2 E -0 4
1 8 4 3 ,6 2 E -0 7 2 ,0 9 E -0 4 2 ,0 9 E -0 4
1 8 6 3 ,0 7 E -0 7 1 ,8 1 E -0 4 1 ,8 1 E -0 4
1 8 8 2 ,6 0 E -0 7 1 ,5 6 E -0 4 1 ,5 7 E -0 4
1 9 0 2 ,2 0 E -0 7 1 ,3 5 E -0 4 1 ,3 6 E -0 4
1 9 2 1 ,8 6 E -0 7 1 ,1 7 E -0 4 1 ,1 7 E -0 4
1 9 4 1 ,5 7 E -0 7 1 ,0 1 E -0 4 1 ,0 1 E -0 4
1 9 6 1 ,3 3 E -0 7 8 ,7 6 E -0 5 8 ,7 7 E -0 5
1 9 8 1 ,1 3 E -0 7 7 ,5 8 E -0 5 7 ,5 9 E -0 5
2 0 0 9 ,5 5 E -0 8 6 ,5 6 E -0 5 6 ,5 7 E -0 5
D o s e  ra te  [m S v /h ]T h ic k n e s s  [c m ]
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C. Thermal studies 
 
C1. Extrapolation of NRC tables on spent FA heat power 
1. Programs to extrapolate (matlab language) 
 
 
Pág. 54  Appendix 
 Bouchout 2006 
 




Tc (años) 5 10 15 20 25 30 35 40 45 50 55 60
1,0 2,560 3,089 3,618 4,147 4,676 5,121 5,609 6,064 6,531 6,998 7,465 7,932
1,4 1,806 2,248 2,690 3,132 3,574 3,955 4,370 4,760 5,163 5,566 5,969 6,372
2,0 1,166 1,527 1,888 2,249 2,610 2,933 3,281 3,616 3,960 4,304 4,648 4,992
2,8 0,689 0,990 1,291 1,592 1,893 2,174 2,472 2,764 3,065 3,366 3,667 3,968
4,0 0,355 0,607 0,859 1,111 1,363 1,608 1,865 2,121 2,384 2,647 2,910 3,173
5,0 0,238 0,465 0,692 0,919 1,146 1,371 1,606 1,844 2,087 2,330 2,573 2,816
7,0 0,151 0,349 0,547 0,745 0,943 1,142 1,349 1,562 1,778 1,994 2,210 2,426
10,0 0,123 0,297 0,471 0,645 0,819 0,996 1,180 1,369 1,561 1,753 1,945 2,137
15,0 0,113 0,265 0,417 0,569 0,721 0,876 1,037 1,202 1,370 1,538 1,706 1,874
20,0 0,104 0,242 0,380 0,518 0,656 0,795 0,940 1,088 1,240 1,392 1,544 1,696
25,0 0,099 0,225 0,351 0,477 0,603 0,729 0,861 0,995 1,132 1,269 1,406 1,543
30,0 0,096 0,211 0,326 0,441 0,556 0,672 0,792 0,914 1,039 1,164 1,289 1,414
40,0 0,086 0,184 0,282 0,380 0,478 0,576 0,678 0,781 0,886 0,991 1,096 1,201
50,0 0,076 0,161 0,246 0,331 0,416 0,499 0,587 0,674 0,764 0,854 0,944 1,034
60,0 0,073 0,146 0,219 0,292 0,365 0,438 0,513 0,589 0,666 0,743 0,820 0,897
70,0 0,064 0,129 0,194 0,259 0,324 0,387 0,454 0,520 0,587 0,654 0,721 0,788
80,0 0,059 0,117 0,175 0,233 0,291 0,347 0,405 0,464 0,523 0,582 0,641 0,700
90,0 0,059 0,110 0,161 0,212 0,263 0,313 0,365 0,418 0,470 0,522 0,574 0,626
100,0 0,053 0,100 0,147 0,194 0,241 0,286 0,333 0,380 0,427 0,474 0,521 0,568
110,0 0,050 0,093 0,136 0,179 0,222 0,263 0,306 0,348 0,391 0,434 0,477 0,520
20
Tc (años) 5 10 15 20 25 30 35 40 45 50 55 60
1,0 3,394 4,112 4,830 5,548 6,266 6,841 7,455 8,000 8,571 9,142 9,713 10,284
1,4 2,327 2,917 3,507 4,097 4,687 5,173 5,690 6,159 6,647 7,135 7,623 8,111
2,0 1,464 1,927 2,390 2,853 3,316 3,718 4,142 4,540 4,950 5,360 5,770 6,180
2,8 0,828 1,195 1,562 1,929 2,296 2,631 2,982 3,324 3,673 4,022 4,371 4,720
4,0 0,401 0,688 0,975 1,262 1,549 1,827 2,117 2,410 2,705 3,000 3,295 3,590
5,0 0,251 0,501 0,751 1,001 1,251 1,501 1,760 2,024 2,292 2,560 2,828 3,096
7,0 0,149 0,358 0,567 0,776 0,985 1,199 1,420 1,650 1,882 2,114 2,346 2,578
10,0 0,118 0,298 0,478 0,658 0,838 1,023 1,215 1,413 1,616 1,819 2,022 2,225
15,0 0,111 0,266 0,421 0,576 0,731 0,890 1,056 1,227 1,403 1,579 1,755 1,931
20,0 0,103 0,243 0,383 0,523 0,663 0,805 0,954 1,107 1,263 1,419 1,575 1,731
25,0 0,096 0,224 0,352 0,480 0,608 0,737 0,871 1,009 1,150 1,291 1,432 1,573
30,0 0,096 0,212 0,328 0,444 0,560 0,678 0,800 0,925 1,053 1,181 1,309 1,437
40,0 0,085 0,184 0,283 0,382 0,481 0,579 0,682 0,786 0,893 1,000 1,107 1,214
50,0 0,077 0,162 0,247 0,332 0,417 0,501 0,588 0,677 0,767 0,857 0,947 1,037
60,0 0,073 0,146 0,219 0,292 0,365 0,438 0,513 0,589 0,666 0,743 0,820 0,897
70,0 0,064 0,129 0,194 0,259 0,324 0,386 0,452 0,518 0,585 0,652 0,719 0,786
80,0 0,062 0,119 0,176 0,233 0,290 0,345 0,403 0,460 0,519 0,578 0,637 0,696
90,0 0,058 0,109 0,160 0,211 0,262 0,311 0,362 0,413 0,465 0,517 0,569 0,621
100,0 0,055 0,101 0,147 0,193 0,239 0,283 0,329 0,375 0,421 0,467 0,513 0,559
110,0 0,052 0,094 0,136 0,178 0,220 0,260 0,302 0,343 0,385 0,427 0,469 0,511
30
Tc (años) 5 10 15 20 25 30 35 40 45 50 55 60
1,0 3,878 4,855 5,832 6,809 7,786 8,551 9,337 10,010 10,706 11,402 12,098 12,794
1,4 2,593 3,375 4,157 4,939 5,721 6,357 7,006 7,579 8,169 8,759 9,349 9,939
2,0 1,598 2,188 2,778 3,368 3,958 4,463 4,979 5,453 5,938 6,423 6,908 7,393
2,8 0,891 1,331 1,771 2,211 2,651 3,050 3,460 3,855 4,256 4,657 5,058 5,459
4,0 0,409 0,733 1,057 1,381 1,705 2,016 2,339 2,663 2,991 3,319 3,647 3,975
5,0 0,247 0,519 0,791 1,063 1,335 1,605 1,885 2,172 2,462 2,752 3,042 3,332
7,0 0,143 0,361 0,579 0,797 1,015 1,239 1,471 1,713 1,958 2,203 2,448 2,693
10,0 0,114 0,298 0,482 0,666 0,850 1,039 1,237 1,443 1,653 1,863 2,073 2,283
15,0 0,105 0,263 0,421 0,579 0,737 0,898 1,067 1,242 1,422 1,602 1,782 1,962
20,0 0,099 0,241 0,383 0,525 0,667 0,811 0,962 1,117 1,276 1,435 1,594 1,753
25,0 0,095 0,224 0,353 0,482 0,611 0,741 0,877 1,017 1,160 1,303 1,446 1,589
30,0 0,091 0,209 0,327 0,445 0,563 0,681 0,805 0,931 1,061 1,191 1,321 1,451
40,0 0,082 0,182 0,282 0,382 0,482 0,581 0,685 0,790 0,898 1,006 1,114 1,222
50,0 0,074 0,160 0,246 0,332 0,418 0,502 0,589 0,678 0,769 0,860 0,951 1,042
60,0 0,070 0,144 0,218 0,292 0,366 0,438 0,513 0,589 0,666 0,743 0,820 0,897
70,0 0,067 0,131 0,195 0,259 0,323 0,386 0,451 0,517 0,584 0,651 0,718 0,785
80,0 0,061 0,118 0,175 0,232 0,289 0,344 0,401 0,459 0,517 0,575 0,633 0,691
90,0 0,057 0,108 0,159 0,210 0,261 0,310 0,361 0,411 0,463 0,515 0,567 0,619
100,0 0,054 0,100 0,146 0,192 0,238 0,282 0,327 0,372 0,418 0,464 0,510 0,556
110,0 0,051 0,093 0,135 0,177 0,219 0,259 0,300 0,340 0,382 0,424 0,466 0,508
Tabla2 : BWR con P=20 kW/kgU
BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR BWR 
Tabla1 : BWR con P=12 kW/kgU
Bt (GWd/tU)
Bt (GWd/tU)
Tabla3 : BWR con P=30 kW/kgU
Bt (GWd/tU)
Table C1.1 Extrapolated reference tables for the BWR (extrapolated values in grey) 
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18
Tc (años) 5 10 15 20 25 30 35 40 45 50 55 60
1,0 3,434 4,062 4,690 5,318 5,946 6,574 7,086 7,662 8,176 8,773 9,370 9,967
1,4 2,389 2,913 3,437 3,961 4,485 5,009 5,448 5,938 6,382 6,894 7,406 7,918
2,0 1,512 1,936 2,360 2,784 3,208 3,632 4,004 4,411 4,793 5,223 5,653 6,083
2,8 0,861 1,209 1,557 1,905 2,253 2,601 2,921 3,263 3,595 3,962 4,329 4,696
4,0 0,415 0,699 0,983 1,267 1,551 1,835 2,108 2,398 2,685 2,997 3,309 3,621
5,0 0,260 0,512 0,764 1,016 1,268 1,520 1,769 2,030 2,294 2,576 2,858 3,140
7,0 0,148 0,363 0,578 0,793 1,008 1,223 1,439 1,666 1,897 2,143 2,389 2,635
10,0 0,114 0,300 0,486 0,672 0,858 1,044 1,232 1,430 1,633 1,847 2,061 2,275
15,0 0,100 0,261 0,422 0,583 0,744 0,905 1,068 1,239 1,414 1,599 1,784 1,969
20,0 0,096 0,240 0,384 0,528 0,672 0,816 0,963 1,116 1,272 1,437 1,602 1,767
25,0 0,091 0,222 0,353 0,484 0,615 0,746 0,879 1,018 1,159 1,308 1,457 1,606
30,0 0,086 0,206 0,326 0,446 0,566 0,686 0,808 0,934 1,063 1,197 1,331 1,465
40,0 0,083 0,184 0,285 0,386 0,487 0,588 0,690 0,797 0,904 1,017 1,130 1,243
50,0 0,075 0,162 0,249 0,336 0,423 0,510 0,597 0,688 0,780 0,875 0,970 1,065
60,0 0,072 0,147 0,222 0,297 0,372 0,447 0,522 0,601 0,680 0,762 0,844 0,926
70,0 0,066 0,132 0,198 0,264 0,330 0,396 0,462 0,530 0,599 0,670 0,741 0,812
80,0 0,060 0,119 0,178 0,237 0,296 0,355 0,413 0,473 0,534 0,596 0,658 0,720
90,0 0,056 0,109 0,162 0,215 0,268 0,321 0,372 0,426 0,480 0,536 0,592 0,648
100,0 0,053 0,101 0,149 0,197 0,245 0,293 0,339 0,387 0,436 0,486 0,536 0,586
110,0 0,050 0,094 0,138 0,182 0,226 0,270 0,312 0,356 0,399 0,445 0,491 0,537
28
Tc (años) 5 10 15 20 25 30 35 40 45 50 55 60
1,0 4,235 5,066 5,897 6,728 7,559 8,390 9,055 9,776 10,400 11,120 11,840 12,560
1,4 2,873 3,553 4,233 4,913 5,593 6,273 6,836 7,441 7,978 8,593 9,208 9,823
2,0 1,772 2,304 2,836 3,368 3,900 4,432 4,894 5,385 5,838 6,346 6,854 7,362
2,8 0,989 1,402 1,815 2,228 2,641 3,054 3,435 3,835 4,220 4,642 5,064 5,486
4,0 0,448 0,767 1,086 1,405 1,724 2,043 2,352 2,675 2,999 3,346 3,693 4,040
5,0 0,267 0,541 0,815 1,089 1,363 1,637 1,911 2,195 2,486 2,793 3,100 3,407
7,0 0,141 0,367 0,593 0,819 1,045 1,271 1,500 1,740 1,987 2,248 2,509 2,770
10,0 0,109 0,300 0,491 0,682 0,873 1,064 1,261 1,465 1,677 1,900 2,123 2,346
15,0 0,100 0,263 0,426 0,589 0,752 0,915 1,083 1,257 1,438 1,627 1,816 2,005
20,0 0,093 0,239 0,385 0,531 0,677 0,823 0,973 1,128 1,289 1,457 1,625 1,793
25,0 0,091 0,223 0,355 0,487 0,619 0,751 0,886 1,027 1,171 1,322 1,473 1,624
30,0 0,085 0,206 0,327 0,448 0,569 0,690 0,813 0,941 1,072 1,208 1,344 1,480
40,0 0,080 0,182 0,284 0,386 0,488 0,590 0,693 0,800 0,909 1,023 1,137 1,251
50,0 0,076 0,163 0,250 0,337 0,424 0,511 0,599 0,689 0,782 0,877 0,972 1,067
60,0 0,072 0,147 0,222 0,297 0,372 0,447 0,523 0,601 0,680 0,762 0,844 0,926
70,0 0,066 0,132 0,198 0,264 0,330 0,396 0,461 0,529 0,598 0,668 0,738 0,808
80,0 0,059 0,118 0,177 0,236 0,295 0,354 0,411 0,471 0,531 0,593 0,655 0,717
90,0 0,059 0,111 0,163 0,215 0,267 0,319 0,371 0,424 0,477 0,531 0,585 0,639
100,0 0,056 0,103 0,150 0,197 0,244 0,291 0,337 0,385 0,432 0,481 0,530 0,579
110,0 0,053 0,096 0,139 0,182 0,225 0,268 0,310 0,352 0,396 0,440 0,484 0,528
40
Tc (años) 5 10 15 20 25 30 35 40 45 50 55 60
1,0 4,530 5,634 6,738 7,842 8,946 10,050 10,900 11,820 12,580 13,466 14,352 15,238
1,4 2,970 3,856 4,742 5,628 6,514 7,400 8,111 8,863 9,514 10,254 10,994 11,734
2,0 1,794 2,461 3,128 3,795 4,462 5,129 5,692 6,284 6,821 7,418 8,015 8,612
2,8 0,971 1,465 1,959 2,453 2,947 3,441 3,884 4,346 4,787 5,267 5,747 6,227
4,0 0,417 0,776 1,135 1,494 1,853 2,212 2,554 2,910 3,265 3,647 4,029 4,411
5,0 0,233 0,532 0,831 1,130 1,429 1,728 2,021 2,327 2,639 2,970 3,301 3,632
7,0 0,119 0,356 0,593 0,830 1,067 1,304 1,543 1,793 2,052 2,325 2,598 2,871
10,0 0,093 0,290 0,487 0,684 0,881 1,078 1,278 1,488 1,705 1,936 2,167 2,398
15,0 0,086 0,253 0,420 0,587 0,754 0,921 1,091 1,268 1,452 1,645 1,838 2,031
20,0 0,082 0,231 0,380 0,529 0,678 0,827 0,978 1,136 1,298 1,469 1,640 1,811
25,0 0,079 0,214 0,349 0,484 0,619 0,754 0,890 1,032 1,178 1,331 1,484 1,637
30,0 0,078 0,201 0,324 0,447 0,570 0,693 0,816 0,945 1,077 1,215 1,353 1,491
40,0 0,072 0,176 0,280 0,384 0,488 0,592 0,695 0,803 0,912 1,026 1,140 1,254
50,0 0,067 0,156 0,245 0,334 0,423 0,512 0,599 0,691 0,783 0,879 0,975 1,071
60,0 0,063 0,140 0,217 0,294 0,371 0,448 0,522 0,601 0,680 0,762 0,844 0,926
70,0 0,061 0,128 0,195 0,262 0,329 0,396 0,461 0,529 0,597 0,668 0,739 0,810
80,0 0,058 0,117 0,176 0,235 0,294 0,353 0,410 0,470 0,530 0,592 0,654 0,716
90,0 0,054 0,107 0,160 0,213 0,266 0,319 0,369 0,422 0,475 0,530 0,585 0,640
100,0 0,055 0,102 0,149 0,196 0,243 0,290 0,336 0,383 0,430 0,479 0,528 0,577
110,0 0,052 0,095 0,138 0,181 0,224 0,267 0,308 0,351 0,393 0,437 0,481 0,525
Bt (GWd/tU)
Bt (GWd/tU)
Tabla6 : PWR con P=28 kW/kgU
Bt (GWd/tU)
Tabla7 : PWR con P=40 kW/kgU
PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR PWR 



















(% U-235 en 
peso)
20 1,9 25 2,4
25 2,3 30 2,8
30 2,7 35 3,2
35 3,1 40 3,6
40 3,4 45 3,9
45 3,8 50 4,2
Tabla4: BWR Tabla8: PWR
Tables C1.3 and C1.4 
The existence of tables C1.3 and C1.4 explains why 
there is no need to input the enrichment of the fuel to 
find the heat power (while we do it in Origen’s 
simulation). 
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C2. Interpolation of a spent FA heat from those tables 
 
1. Programs to interpolate (matlab language) 
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2. Extract of an output 
As complete or detailed data can’t be published, here are the results of 3 of the 780 FA 
unloaded from Vandellos 2. I chose the more and the less powerful, along with the “hottest” of 








Pter fina  
(W/kgU) 
may06
Pter fina  
(W/EC) 
may07
1,10 52 605,8 40 12,9653 5 987,16
5,63 48 119,7 40 2,6268 1 213,00





The output is computed by kgU, so it has to been scaled at the FA’s mass in uranium (fourth 
column in table C2.1). 
 
Table C2.1 Calculation of the heat power of 3 FA of Vandellos2 
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C3. Global heat estimation 
 
 
Table C3.1 Hard copy of the Excel worksheet. Here, no interpolation but categorization of 
the FA not to have to pass the data through the matlab process (ex: Cofrentes) 
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C4. Heat transfers a silo 
The final goal is to choose rough dimensions to each part of the system, in order to have a 
natural draught of air that will cool by natural convection the “hottest” silo we could have. 
All the data are inspired by Vandellos 2. They are approximated, simplifying the calculation, 
but always sticking to a conservative state of mind. Actually, none of the silos will be in such 
harsh setting. 
The complexity of this study is its iterative aspect. At each step, we have to assume some 
value. Then, a posteriori, we have to check the validity of the hypothesis, and to repeat the 
step with more accurate values if necessary. In this section, it will be presented each step, 
with satisfying but not optimized values. The intermediate iterations are not related here. 
More iteration and less conservative choices would allow determining smaller dimensions. 
Besides, it could be interesting to design various regions with different hypothesis. Each type 
of parcels has to correspond to a specific type of silo. There would be at least 3 types of silos: 
for the BWR, for the PWR, and for the vitrified wastes. 
Here is studied the “hottest”: a silo having a heat power of 30kW. Once again, it is very 
conservative: 21 FA of 1213W each (which is the maximum computed for Vandellos2 after 5 
years of cooling) would mean 25 473 W. 
The 3 successive steps will study: 
- radiation between pins-canister and canister-silo to find silo’s temperature. 
- natural convection on the silo’s external side, to determine its diameter. 
- air flow. Here will be dimensioned the diameter of the second jacket. 
The bibliographic references are to be found in the memoria. 
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1. Successive thermal transfers by radiation 
The goal of this first step is to link the fuel’s temperature with the canister’s temperature, and 
then to the silo’s. As there is no air movement, and almost no direct contact between the pins 
and the canister, or between the canister and the silo, almost all the heat is transferred by 
radiation. 
rpin=0,5cm 
1FA: 17*17 cm, 
with 264 pins with fuel 
(17*17 - 25 guide tubes) 
Each FA is stored in a 
rack of 20*20 cm (mean 
dimensions). 







We suppose that all the elements are black bodies (emissivity ε of the material equal at 1). 
The heat power is radiated by the 264 pins by 21 FA.  
The excel worksheet gives the temperature of one element (in bold letters), in function of the 








TTAq i−= σε  
Fig C4.1  Canister containing 21 FA 
T1 Temperature of the pins [K] 
T2 Temperature of the canister [K] 
Ai Surface of the pins “seen” by the canister [m
2] 
q Heat power [W] 
A1 Surface of the emitting body [m
2] 
ε12 Emissivity of the material [1] 
σ Stefan-Boltzmann constant [W.m-2.K-4]
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number of FA 21 Emissivity ε12 1
number of pins 264 heat radiated (W) 30 000
radio of a pin (m) 5,00E-03 canister's diameter (m) 1,17
height of a pin (m) 4 Ai area seen by 2 (m2) 29,4
radiating area A1 (m2) 696,7 hiding coefficient (Ai/A) 4,22%
T fuel (ºC) 268,5 T canister (ºC) 237,7
T fuel (K) 541,7 T canister (K) 510,8
T canister (ºC) 237,7 T fuel (ºC) 268,5
T canister (K) 510,9 T fuel (K) 541,7
Calculation of T2 from T1
Stefan-Boltzmann constant (W.m-2.K-4)
fuel (emitting black body)
canister, inside wall (receiving black body)






radio of the canister (m) 1,17 Emissivity ε12 1
height of the canister (m) 4 heat radiated (W) 30 000
radiating area A1 (m2) 29,4
T canister (ºC) 237,7 T silo (ºC) 200,0
T canister (K) 510,9 T silo (K) 473,1
T silo (ºC) 200,0 T canister (ºC) 237,7
T silo (K) 473,2 T canister (K) 510,9
Calculation of T2 from T1
Calculation of T2 from T1
canister (emitting black body)




The interesting output to link this step to the next one is the silo’s temperature. It will be 
decisive to study the convection phenomenon. 
Table C4.1  Radiation pins-canister: hard copy of the excel table. Entry cells are colourful. 
Table C4.2  Radiation canister-silo: hard copy of the excel table. Entry cells are colourful. 
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x Characteristic length of convection [m]
ρ Density [kg.m-3]
g Gravity acceleration [m.s-2]
β Volumic dilatation coefficient [1]
∆T Drop of temperature between wall and air[ºC]
µ Viscosity [N.s.m-2]
h Convection heat transfer coeficient [W.m-2.ºC-1]
x Characteristic length of convection [m]
λ Conductivity [W.ºC-1.m-1]
Gr Grashof number [1]
Pr Prandlt number [1]
Temperaure [ºC] 200 180
Absolute humidity [g/kg] 9 9
Density ρ [kg.m-3] 0,742 0,775
Conductivity λ [W.ºC-1.m-1] 0,0387 0,0365
Viscosity µ [N.s.m-2] 2,60E-05 2,50E-05
Prandtl number [1] 0,69 0,69
Characteristic length of convection [m] 4
Gravity acceleration [m.s-2] 9,81
Temperature of the silo [ºC] 200
Diameter of the silo [m] 2,5
Area of transfer [m2] 31,4
Heat power [W] 30 000
Convection heat transfer coeficient h [W.m-2.ºC-1] 6,0
Drop of temperature between wall and air[ºC] 160,1
Mean temperature of the airflow 1st layer [ºC] 39,9




2. Natural convection on silo’s external side 
Here is to solve a system of 2 equations (which unknowns are h and ∆T) 




βρ TgxGr ∆=  
 
First equation: definition of the Nüsselt local number under the assumption of turbulence 
(Eq. C4.3) 282,0Pr)*(*46,0* Grxh =λ   
 
Second equation: definition of the convection heat transfer: 
(Eq. C4.4) 
TA












Table C4.3  Convection’s calculation (we play on the yellow cells) 
h Convection heat transfer coeficient [W.m-2.ºC-1]
q Heat power [W]
A Area of transfer [m2]
∆T Drop of temperature between wall and air[ºC]
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3. Air flow implied and dimension of the second jacket 
This step computes the air flow and temperature drop in function of the dimensions of the silo 
and of the second jacket. Using the excel worksheet, it can be seen that enlarging this 
section of flow would increase tremendously the flow. It is pretty logical knowing that the air 
flow speed remains the same to maintain the heat extraction: as the flow is turbulent, only the 
first layer will extract the heat, whatever the flow section. Therefore, the smallest is this 
section the better to spare surface of building and to reduce the air flow. 



















...ρθ =∆  
 
Temperaure [ºC] 200 180 140
Absolute humidity [g/kg] 9 9 9
h Enthalpy [kJ.kg-1] 235 210 170
ρ Density [kg.m-3] 0,742 0,775 0,85
µ Viscosity [N.s.m-2] 2,60E-05 2,50E-05 2,17E-05
Cp
g Gravity acceleration 9,81 [m.s-2] Diameter of the second jacket 2,6 [m]
Dh Hydraulic diameter 0,204 [m] Diameter of the silo 2,5 [m]
f Coefficienty of pressure loss 0,02 [1] S Section of flow 0,40 [m2]
q Heat power 30 000 [W] P Perimeter of the first layer 7,85 [m]
u air flow speed 3,53 [m.s-1]
∆θ Increasing of air's temperature 28,60 [ºC]





β Volumic dilatation coefficient [1] 2,18E-03 2,31E-03
 
 Table C4.4  Air flow and drop of temperature’s calculation (we play on the yellow cells) 
(Explanations on the notations are given 
below, in Table C4.4) 
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As the two last steps have been done under the assumption of a turbulent flow, we have to 
verify the validity of the hypothesis. 
(Eq. C4.7) µ
ρ Lu..Re =  
With the current data, Re=4.105, which means that the coefficient of pressure loss f is 
approximately 0,02 (as put in the previous calculation). 
We definitely work under turbulent conditions to cool the silo. 
 
 
On the fig C4.2, we can see the three 
barriers (pins in red, canister in yellow, and 
silo in green), and the second jacket (blue).  
The sketch has been done at scale, with 
the following data: 
Dcanister = Dmin = 1,17m 
(Changing this value will not change the 
heat transfer, but the bigger the more 
complicated for the transport). 
Dsilo=2,5m 
Dsecond jacket = 2,6m 
 
With those dimensions we have the following air temperature: 
θinlet Air at the inlet 37 [ºC]
∆θ Increasing of air's temperature 28,60 [ºC]
θoutlet Air at the oulet 65,60 [ºC]  
 
 
Fig C4.2 Sketch on the scale of 1 silo 
Table C4.5  Air temperatures 
ρ Density [kg.m-3]
u air flow speed [m.s-1]
L Characteristic length [m]
µ Viscosity [N.s.m-2]
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4. Draught 
The global draught will depend on the pressure difference between the inlet grid and the 
outlet chimney, and on the pressure loss undergone in the pipes.  
 
(Eq. C4.8) ( ) gularlinearoutoutininoutletinlet PPgzzPP sin∆−∆−−=− ρρ  
 
The densities are known in function of the air temperature. Linear pressure loss is to be 
determined in function of the length and the roughness of the pipes. Singular pressure loss is 
to be calculated summing all the singular pressure losses implied by every change of 
diameter of the tube, change of direction… 
We have to be sure that theoretical pressure difference is always superior to pressure losses. 
To assure that assertion, theoretical pressure is maximized by increasing within rational 
proportions the height of the chimney (too high would mean too much linear pressur loss), 
and pressure losses are minimized by using tubes as short and direct as possible. 
That is why the vault is rectangular. Each region of silos will have its own chimney, the 
draught running through the facility along the small direction of the warehouse. On Fig C4.3, 
the AFRI has been drawn with 4 regions and their chimneys. Arrows symbolize air draught. 
 
P pressure [bars] 
∆P pressure loss [bars] 
ρ density [kg.m-3] 
z altitude [m] 
g gravity [m.s-2] 
Fig C4.3 AFRI from above (on the left), and a section of it (on the right) 
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D. Budget of this report 
 
 
In this part, a study of the economic cost of the project is done. Two kinds of resources have 
been used: human and material resources. In the following subparts are detailed each of 
them. 
 
D1. Human resources 
1. Project director 
My project director dedicated approximately 60 hours to the realization of the project, with a 
salary per hour estimated at 72€/hour. 
2. Engineer 
The engineer realized entirely the project. His salary is estimated at 45€/hour. 
The work could be divided into three categories: 
- In the first phase, the data base is produced from all the data given by the CSN, and a 
first collect of information about the AFRI and the Spanish nuclear policy is done (200 
hours). 
- Then, the database is analyzed and the needed tools as the matlab program are 
conceived, realized, and used. This phase includes my learning in specific fields (as 
shielding, heat transfer…), and the technical studies among which some are 
presented in the appendices (375 hours) 
- Finally, writing the report, the appendices, and all the administrative tasks have to be 
taken into account. Time spent to pass the drafts to the different partners is included 
in this phase (100 hours) 
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D2. Material resources 
 
1. Computer 
- The price of a computer is estimated at 1500€, taking in account the amortization in 5 





- The maintenance cost is estimated about 5% of the initial value: 75€/year. 
- Reparations, unexpected expenses and electric consumption are evaluated to 
400€/year. 
- The management of the computers by an informatics technician is calculated as 
following: 
The employee works 40 weeks and 20 hours per weeks 
His salary is about 33.600€/year and he dedicates 15% of his time to the computers 
The cost of computers management is about 5040€/year. 
So the annual cost of a computer is: 448 + 75 + 400 + 5040 = 5963 €/year. 
A computer works 12 hours per day, 5 days per weeks and during 52 weeks. The 
utilization time is equivalent to 50% of this time, so about 1560 hours/year. 
So the hourly cost of a computer is: 5963/1560 = 3,82 €/hour. 
For the realization of the entire project, the computer was used during 675 hours. 
So the global cost has been 675 hours x3,82 = 2580 € 
 
2. Miscellaneous materials 
The miscellaneous materials are topographic maps, CD, photocopies, printings, etc. This cost 
is estimated at 120€. 
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D3. Total cost 
Hourly cost (€/h) Dedication (h) Cost (€)
Human resources
Project director 72 60 4 320 €            
Engineer
Production of the database 45 200 9 000 €            
Technical studies 45 375 16 875 €          
Writing and administrative tasks 45 100 4 500 €            
Total Humans Resources 34 695 €         
Material resources
Computer cost 3,82 675 2 580 €            
Divers material 120 €               
Total material resources 2 700 €           
TOTAL PROJECT COST 37 395 €          
 
The total cost of this project is about 37 395 €. 
 
Table D3.1  Cost of the end of studies assignment 
